With reports of high quality perovskite grains, it is evident that the performance of such large area cells will be strongly influenced by phenomena like carrier recombination and ion migration at grain boundaries (GBs). Here, we develop a modeling framework to address performance limitation due to GBs in large area PSCs. Through detailed numerical simulations, we show that photo-carrier recombination has a non-trivial dependence on the orientation of GBs. Interestingly, we find that ions at GBs lead to significant performance recovery through field effect passivation, which is influenced by critical parameters like density and polarity of ions, and the location of GB. These results have interesting implications towards long term stability and hence are relevant for the performance optimization of large area polycrystalline based thin film solar cells such as PSCs, CIGS, CZTS, etc.
In the development of PSCs, significant advances have been reported on the optimization of device architecture and fabrication processes. 13, 14 Indeed, there have been reports of large grain sizes and excellent material purity as well. 15, 16 While all these are encouraging, the quest for high efficiency large area perovskite solar cells are expected to be significantly affected by the presence of grain boundaries (GB, see Figure  1a ) and the associated efficiency loss through carrier recombination, 17 ion migration, 18 etc. In this regard, we note that there have been reports of passivation of grain boundaries through organic materials [19] [20] [21] [22] [23] and techniques to enhance grain size [24] [25] [26] [27] [28] to suppress the effects of grain boundaries. Apart from these preliminary experiments, the device physics related to grain boundaries in perovskites and their impact on eventual performance is not very well explored in the literature. Therefore, it is imperative to investigate the role of grain boundaries on performance and hence identify schemes for further optimization. , GB parallel to current flow) and (c) perpendicular grain boundary PGB (i.e., GB perpendicular to current flow). The location of AGB and PGB is represented by and , respectively.
In this letter, through detailed numerical simulations, we explore the effects of grain boundaries on the performance of planar PIN-based perovskite solar cells. A typical top-view of perovskite thin film is shown in Fig. 1a . With such a complex network of GBs, the problem requires carrier transport and optical simulations in 3 dimensions -which is indeed computationally very complex. To reduce the computational effort and to get better physical insights, here we map the complex network of grain boundaries to aligned grain boundary (AGB, see Fig. 1b ) and perpendicular grain boundary (PGB, see Fig. 1c ). Note that these assumptions on the orientation of GBs indeed allows us to obtain rich insights on the tradeoffs associated with the location and properties of GBs on device performance (other orientations could be similarly addressed, if need arises). Our detailed numerical simulations indicate that trapped ions inside GB can, in general, significantly mitigate the effects of trap assisted carrier recombination at GBs. Such ion induced passivation of GBs depends on additional parameters like ion polarity, type of GBs, material quality of perovskite grains and transport layers, etc. Below, we first describe the model system and the effect of GBs on the efficiency of perovskite solar cells.
We consider a planar PIN based perovskite solar cell as the model system where organic-inorganic CH3NH3PbI3 perovskite, the active layer (band gap = 1.55 corresponds to and thickness = 300 ), is sandwiched between carrier selective doped transport layers. Dark current is limited by charge carrier recombination in the active layer (AL) as is evident from energy level alignment of different layers (see Figure S1 , in the supplementary material). Recombination of charge carriers inside AL is governed by trap-assisted (characterized by SRH carrier life time ), band to band radiative recombination ( denotes the recombination parameter) and Auger recombination (with coefficient = = ). 29 We consider uniform optical generation rate across AL thickness and zero band offset at the interfaces of AL with carrier selective layers (i.e., ETL and HTL) for the extraction of photogenerated charge carriers by the respective contacts. The simulation methodology is well calibrated and reported in previous publications 30, 31 and the simulation parameters are given in Table S1 (see supplementary information). Current voltage characteristics of the modeled device are obtained through self-consistent numerical solutions of drift-diffusion, continuity and Poisson's equations.
As mentioned before, grain boundaries and the associated effects like carrier recombination are of fundamental importance to perovskite based solar cells (and LEDs as well). Grain boundaries can, in general, result in (i) increased recombination of photogenerated carriers, (ii) can trap positive or negative ions (with ion density ), and (iii) facilitate migration of ions. The precise information on the material and electronic properties of grain boundaries such as effective thickness, carrier recombination velocities, band properties, density and nature of traps, etc. are indeed difficult to estimate and hence are also unavailable in literature. To make this problem conceptually and computationally tractable, here we define the grain boundary as a region of small thickness (2nm) with exactly the same properties as that of perovskite except for different trap assisted recombination rate (accounted through SRH carrier lifetime inside GB) and the presence of ionic charge density . Based on these assumptions, we now discuss the effect of AGB and PGB on perovskite solar cells. Figure 1b shows the schematic of PSC with AGB (details given before). To study the effect of AGB on device performance, the carrier recombination rate inside GB is varied through the parameter with fixed bulk carrier life time = 5 . In addition, we also vary the concentration of trapped ions by introducing fixed charge density ( = ±10  17 , ±10 18 −3 , here + and − sign indicate positive and negative ions, respectively) inside grain boundary region. Note that in the absence of any GBs, the model system is effectively 1-dimensional and the carrier densities are expected to vary only in the 'x' direction and not in the 'y' direction. The presence of AGBs will introduce variation in carrier density along the y-direction as well. Accordingly, the location of GBs could have some influence on the device characteristics. However, this spatial dependence is expected to be of the order of diffusion lengths and indeed we find that the characteristics are independent of the location of GBs once they are a few diffusion lengths away from the device boundaries. , where = 300 , is the width of the simulated device). Specifically, for = 0, we find that the device efficiency improves with and then saturates to the maximum achievable efficiency for a given . Such performance improvement is due to decrease in recombination of photogenerated charge carriers inside AGB with the increase in . Interestingly, the presence of ions inside AGB (irrespective of the polarity) leads to an improvement in efficiency for all cases with < . For example, for = 0.1 , we find that the presence of ions improves , fill factor FF, and (as shown in Fig. 2b ). Field effect passivation of GB by ions (see Fig. 2c ) results in the decrease of minority carrier concentration which in turn reduces charge carrier recombination inside AGB and hence increases the efficiency. We also observe that the magnitude of performance improvement due to trapped ions decreases with the increase in (see Fig. 2a ). Hence, device performance can be enhanced either by doing chemical passivation of AGB or by field passivation induced by trapped ions inside AGB. For instance, chemical treatment of AGB with organic materials can passivate the defect state density and improve the performance of the device [19] [20] [21] [22] [23] . Further, similar to CIGS treatment with alkali metals, [32] [33] [34] [35] [36] perovskite solar cells can be subjected to the doping of AGB with charged ionic species for the improvement in device performance.
(i) Effects of Aligned Grain Boundary (AGB):
(ii) Effects of Perpendicular Grain Boundary (PGB): The effects due to PGB can indeed be more complex than that of AGB as the carrier density varies significantly along the 'x' direction (see Fig. 4a ). To illustrate this, here we consider different scenarios: Case A-electrostatics effect caused by trapped ions, Case B-effect due to increased charge carrier recombination in GBs, and Case C-Ion induced field effect passivation (i.e., combined effect of Case A and B). For Case A, we consider a fixed charge density of = +10 Figure 3(a, b) shows the effect of trapped ions, present at different location in perovskite layer, on the electrostatics of PSCs. The presence of ions inside PGB alters the electrostatics (hence the electric field profile) resulting in low field or diffused region and high field region in the perovskite layer as compared to = 0. This modulation of the electric field inside perovskite layer depends on polarity and location of trapped ions. For example, the negative ions leads to low field or diffused region between GB and HTL/AL interface, whereas, the same ions results in high field region between GB and ETL/AL interface. The extent of low field or diffused region across active layer thickness increases as the location of PGB moves towards ETL (which is evident from Fig. 3a and b) . Accordingly, the net carrier recombination can be affected depending on the relative magnitude of diffusion length (√ ) vs. drift collection length ( ) of photogenerated charge carriers ( is diffusion constant, is carrier mobility, is effective carrier life time and is the electric field in perovskite layer). Therefore, the electrostatics of ions in GBs plays a crucial role in limiting the performance of PSCs. For instance, the increase in the extent of diffused region leads to increase in charge carrier recombination and hence the performance is expected to degrade with location of PGB with negative ions. Figure 3c shows the electrostatics effect of trapped ions (i.e, Case A) on the performance of PSCs. Indeed we find that the device efficiency depends on the position along the AL thickness and polarity of ions. The efficiency is least affected due to the presence of ions at perovskite/contact layer interfaces for heavily doped contact layers. However, depending on polarity and position, the trapped ions present away from perovskite/contact layer interfaces can result in performance improvement or degradation. For instance, negative ions in the vicinity of HTL/AL interface show performance improvement while the same ions near AL/ETL interface results in performance degradation. In contrast, positive ions (shown in Figure 3a and 3b for different location of PGB) near HTL/AL or AL/ETL interface leads to performance loss or gain, respectively. Figure 3d illustrates the effects of carrier recombination (Case B -solid line) and ion induced passivation (Case C -symbols) at GBs on the efficiency of PSCs. For Case B, we find that the performance reduces with increased carrier recombination (∝ 1/ ) inside PGB. Reduction in efficiency (due to degradation of , and fill factor -see Figure S2 in the supplementary information) increases as PGB moves away from AL interfaces and reached a maximum for GBs at the middle of active layer. This trend could be anticipated from the nature of SRH trap assisted recombination and the carrier density profiles of PIN devices. Fig. 4a shows the carrier (electron and hole ) density profile inside perovskite layer under illumination condition with applied voltage = 0. It is well known that the SRH recombination is at a maximum when n=p 29 and for a PIN structure with symmetric barriers the same happens at = /2. Figure 4b shows the variation of net recombination rate (dominated by trap assisted SRH recombination rate) with AGB location. As expected the net recombination is at a maximum for = /2 and this explains why PGBs near the middle of perovskite layer leads to maximum SRH recombination rate and hence the performance degradation (see case B, Fig. 3d ).
Interestingly, we find that the presence of ions in PGBs result in significant performance recovery, as highlighted by Case C in Fig. 3d . The details of such performance recovery in terms of the carrier density profiles and recombination rates for a PGB at a specific location (at = 75 ) are provided in Fig. 4c . It is evident in Fig. 4c , that at the specific location of GB, the minority carrier concentration (in this case, the electrons) is reduced due to the ionic charge and hence this leads to a reduction in carrier recombination. Further, this reduction in carrier recombination is indeed bias dependent (see Fig. 4d ), and at maximum power point condition (i.e., at V=0.9 V) the field effect passivation due to trapped ions lead to significant reduction in carrier recombination and hence a recovery in efficiency. We note that the performance improvement is strongly location dependent and in some cases could lead to degradation as well. For example, negative ions in GBs near the ETL/AL interface or positive ions in GBs near HTL/AL interface lead to performance degradation (see Fig. 3d ). In all other cases, ions in GBs lead to performance improvement. In general, it is advisable to have negative ions in GBs towards the HTL/AL interface and positive ions in GBs near the ETL/AL interface to maximize the performance recovery from the ill effects of increased carrier recombination at GBs. Additional discussion on the effect of material properties of perovskite and contact layers on the influence of ions in GBs (Case A) is provided in Figure S3 of supplementary materials. ) on charge carrier density inside perovskite layer. Part (d) illustrates the bias dependent net carrier recombination in the GBs. The presence of negative ions decreases the electron density inside GB which leads to a reduction in net SRH recombination rate and hence improves the device performance.
Our results indicate that grain boundaries play a crucial role in limiting the performance of PSCs. Indeed, the charge carrier recombination through defect states of grain boundaries leads to performance loss of PSCs. Such detrimental effect on performance can be suppressed by chemical or electrical passivation of GBs. Various organic materials can be used to passivate the defect states to increase the carrier lifetime. Similar to alkali treatment of CIGS-based solar cells, [32] [33] [34] [35] [36] the grain boundary can also be filled with immobile ions to reduce minority carrier concentration. These treatments of perovskite material will reduce trap/defect-assisted SRH recombination of charge carrier inside GBs, and hence, improve the performance of PSCs. Our results can be beneficial towards the development of large area PSCs where the number of grain boundaries can be substantial which might limit the device performance. Further, the characterization schemes such as electroluminescence and photoluminescence can be used to identify and map out the location of grain boundary inside active layer and any associated passivation effects. 37, 38 Similar to cracks identification in Silicon, the presence of defect states in GBs leads to low luminescence intensity as compared to perovskite bulk. In addition, our results can be used as a theoretical platform to understand effects like grain boundary induced hysteresis and long-term reliability or stability in PSCs. It is reported in the literature that ion migration could be significant through GBs. 18, [39] [40] [41] [42] Therefore, the dynamics of ion trapping or release from GBs can be explored to identify the physical mechanism behind such effects.
In conclusion, we study the role of grain boundaries (i.e. aligned and perpendicular) on the performance of PSCs. Our results indicate that GBs degrades the device performance and the magnitude of performance loss depends on carrier recombination rate in the GB along with orientation and location of GB. However, the trapped ions inside GB induce partial or full recovery of device performance through field effect passivation. The magnitude of such recovery depends on orientation, location, ion density, and polarity. Besides gain in performance, the trapped ions inside GB can indeed lead to long-term degradation of PSCs, which could be of further interest.
